The rate of scale growth on low carbon steel in air over the temperature range 600-1200°C and the phase composition changes that occur between 750-1 200°C were investigated. The low carbon steel was oxidized with the air velocity of 4.2 cm/s in order to approximate the formation of secondary and tertiary scales in hot rolling. In addition, some experiments were performed with a lower air velocity of 0.14 cm/s. Above 1 000°C, with the air velocity of 4.2 cm/s, a transition from a parabolic rate of oxidation to a linear rate of oxidation was observed as the temperature increased. This transition in oxidizing mechanisms was related to the porosity of the oxide scale. The phase composition of the oxide scales changed with temperature and time. For the initial 30 s of oxidation, wustite was the predominant phase in the temperature range 800-1 200°C and as oxidation proceeded, the percentages of magnetite and hematite increased. The homogeneity of the oxide decreased as the oxidation temperature increased. At 850°C, with the air velocity of 4.2 cm/s, the oxide was homogeneous, and for the first 120 s of oxidation, the oxide had a high percentage of wustite and a low percentage of hematite. This indicates that 850°C is the ideal temperature for the finishing strip mill in order to reduce work roll wear and surface defects.
Introduction
In general, scales in a hot strip mill can be classified as primary, secondary or tertiary scales. In the first stage, a primary scale of around 2 mm in thickness is formed when the slab is reheated to 1 250-1 260°C.
After the first descaling, the secondary scale grows fast. Its thickness, usually less than 100 mm, is a function of the temperature of the slab, intermediate descaling and the oxidation time after descaling. Due to the changes in surface temperature of the stock, which result from contact with cold rolls and descaling water, the secondary scale is formed in the temperature range 600-1 200°C. 1) Tertiary scales grow in the finishing strip mill at temperatures less than 1 000°C. 2) The tertiary scales are formed between the finishing mill descaler and the first finishing stand, between stands in the finishing strip mill and also after the stock exits the last stand of the finishing strip mill.
There has been extensive work relating temperature to oxide scale thickness, surface quality and/or work roll wear, [3] [4] [5] [6] blistering 7) and oxidizing mechanisms. 8) As a consequence, the analysis of the influence of temperature and time on oxidation rate, phase composition and morphology of the secondary and tertiary scales is of great interest in order to better understand work roll wear and strip surface defects in hot strip rolling.
When analyzing the phase composition of the secondary and the tertiary scales for oxidation times as short as 30 s, "in-situ" analyses by neutron and X-ray diffraction are not suitable due to the lengthy time required for measurements. In addition, these analyses cannot be applied to low volume fractions of the oxides in the early stage of oxidation.
As an alternative, quantitative X-ray diffraction phase analysis by a direct comparison method has been applied in this study.
Methodology
Low carbon steel samples were obtained with the following chemical composition: 0.06 % of C, 0.32 % of Mn, 0.0072 % of Si, and 0.028 % of Cu. The samples were ground to a 1200 grit surface finish with SiC paper and cleaned with alcohol. All the samples were oxidized in dry air (20.99O 2 -78.03N 2 -0.03CO 2 -0.01H 2 -0.94Ar).
Rate of Scale Growth and Scale Thickness Measurements
The oxidation rate increases with the air velocity until a critical value of 4.2 cm/s. 9) In this study, the air velocity of 4.2 cm/s was chosen to simulate most oxidizing conditions in air during hot rolling. In addition, some experiments were performed using a lower air velocity of 0.14 cm/s. Thermogravimetric analyses were carried out in a tubular vertical furnace equipped with a microbalance with a sensitivity of 1 mg. The samples (20 mmϫ15 mmϫ1 mm) were heated up to the desired oxidation temperature in an argon atmosphere. Then, the argon was replaced by air with a velocity of 15 cm/s in order to change the atmosphere in 2 s.
After this time interval, the flow of air was adjusted to obtain the desired air velocity.
The samples were isothermally oxidized for 40, 80 and 120 s, over the temperature range 600-1 200°C with air velocity of 4.2 cm/s (high flow condition experiments) and in the range 800-1 100°C with air velocity of 0.14 cm/s (low flow condition experiments). Then, a cooldown rate of Ϫ5°C/min was used to slowly cool the samples with a flow of argon to prevent any further oxidation. The different thermal expansion coefficients of the oxide and the steel substrate induce stresses during cooling from the oxidation temperature. When quenching, these stresses induced by temperature changes tend to detach the oxide from the steel. Therefore, in this study, the oxide scales were slowly cooled in an inert atmosphere in order to measure the scale thickness.
Scale/steel cross-sections were hot mounted in a resin and polished with SiC paper to a 1 200 grit surface finish. Colloidal silica was then used in the final stage. The scale/steel cross-sections were observed with a scanning electron microscope and an optical microscope equipped with an image analyzer. In addition, EBSD orientation imaging was used to obtain maps of the image quality parameter 10) for a few samples to reveal the structure of the oxide.
The increase in scale thickness during the oxidation interval of 1-120 s was estimated by correlating the weight gain per unit surface area to the scale thickness measured at ten different points in the scale/steel cross-sections of the samples isothermally oxidized for 40, 80 and 120 s.
Pore Formation
A few samples (20 mmϫ15 mmϫ1 mm) were heated up to 900 and 950°C in an argon atmosphere. Then, the argon was replaced with air with a velocity of 15 cm/s for 2 s, and later the velocity was decreased to 4.2 cm/s. After isothermal oxidation of 5 and 10 s, the samples were quenched in water in order to preserve as much as possible the original structure of the oxide at high temperature.
Scale/steel cross-sections were hot mounted in a resin, polished with SiC and colloidal silica. The scale/steel cross-sections were analyzed with EBSD orientation imaging.
Phase Composition
A tubular horizontal furnace was used to heat up the samples (70 mmϫ30 mmϫ1 mm) in an argon atmosphere to 750, 800, 850, 900, 950, 1 000, 1 050, 1 100, 1 150 and 1 200°C. The argon was then replaced by air with a velocity of 15 cm/s for 2 s and later the velocity was reduced to 4.2 cm/s. After isothermal oxidation of 30, 120 and 600 s, the samples were quenched in water in order to avoid the decomposition of wustite.
In the quenching process, the oxide detached partially from the steel due to stresses induced by temperature changes. The remaining oxide was removed by uniaxial tensile loading. After the removal, the oxide was ground to a fine powder for quantitative X-ray diffraction analysis. The mole fraction of each phase (FeO, Fe 3 O 4 and Fe 2 O 3 ) was determined by the direct comparison method. [11] [12] [13] The diffraction patterns were collected using a Rigaku diffrac-tometer equipped with a rotation anode and a copper Ka radiation source.
Results and Discussion

Scale Morphology
The stresses acting in the metal/oxide system in hot rolling can be classified as stresses induced by: oxide growth, temperature changes (due to cooling water, descaling water and contact with cold rolls) and elongation of the steel substrate (during a rolling pass).
Growth stresses can deform and crack the oxide generating porosity. 14) As a consequence, the analysis of the influence of temperature and time on the oxidation rate is of interest in order to better understand stresses induced during oxide growth and morphology of the oxide scales.
The classic model of Pilling and Bedworth 15) explains the stresses induced by oxide growth. In this model, the tensile or compressive stresses are related to a change in volume, as the metal is converted into oxide. The ratio of the volume per metal ion in the oxide to the volume per metal atom in the metal has commonly been termed PBR, the Pilling-Bedworth ratio. Compressive stresses are developed in the oxide when PBRϾ1 and tensile stresses are developed when PBRϽ1.
The Pilling-Bedworth ratio (PBR) for iron/wustite is 1.78. 16) As a consequence, compressive stresses are present in the wustite layer, which is the predominant phase in the early stages of isothermal oxidation above 700°C. 17) The scale/steel cross-sections showed that in isothermal oxidation at temperatures up to 850°C, the oxide scales have low porosity and micro-cracks (homogeneous oxide scale); above 850°C, they have medium and high porosity, macro-cracks and blisters (non-homogeneous oxide scale), Fig. 1 .
The transition from a homogeneous to a non-homogeneous oxide scale occurred at 850°C, Fig. 2 . Matsuno 7) studied blistering during isothermal oxidation and during cooling in air. He concluded that the formation of blisters in isothermal oxidation at temperatures above 850°C, is due to oxidation stresses. Thus, the loss of homogeneity observed at temperatures above 850°C, can be attributed to oxidation stresses induced during oxide growth.
As the oxidation temperature was increased, the oxidation rate increased generating higher stresses induced by oxide growth. As a result, the concentration and size of the defects increased as the oxidation temperature was increased.
In the presence of high porosity and blisters, above 850°C, the tensile stresses acting in the surface of the stock in the process of hot rolling can initiate crack propagation and fracturing of the oxide. Consequently, an uneven oxide is formed which can cause surface defects during hot strip rolling.
Pore Formation
The process of pore formation identified in the present study during isothermal oxidation above 850°C has the following stages:
I. Columnar grains of wustite grow perpendicular to the metal substrate leaving pores at the grain boundaries ( Fig. 3(a) ).
II. As the oxidation proceeds, compressive stresses induced during oxide growth generate porosity in the oxide ( Fig. 3(b) ).
III. During further oxidation, pores are incorporated in a more compact layer ( Fig. 3(c) ). Figure 4 shows the thickness of the oxide scales grown on low carbon steel, isothermally oxidized in dry air consisting mainly of oxygen and nitrogen (20.99 %O 2 -78.03 %N 2 ). The low carbon steel was oxidized for 120 s with the air velocity of 4.2 cm/s over the temperature range 600-1 200°C.
Rate of Scale Growth
The oxidation of steel starts with an initial linear rate of oxidation followed by a parabolic rate of oxidation. The initial linear rate of oxidation of low carbon steel in O 2 -N 2 gas mixtures is controlled by the rate at which oxygen is transported from the gas phase to the reaction surface. 9) The parabolic rate observed in an adherent homogeneous oxide scale is controlled by the diffusion of metal ions and vacancies through the oxide. 18) An initial linear rate of oxidation was observed at all temperatures. As the temperature increased, the oxide thickness increased and the oxidation became controlled mainly by the diffusion of metal ions through an adherent compact scale with low porosity or medium porosity, (Fig. 2(a) ) and (Fig. 2(c) ), respectively. Consequently, a parabolic rate was observed in an early stage of oxidation and the period for the initial linear oxidation decreased in the temperature range 600-1 000°C.
For temperatures above 1 000°C, the period for the initial linear oxidation increased and was observed for longer periods of time. Above 1 000°C, the high oxidation rates induced high stresses during oxide growth. As a result, high porosity developed due to deformation and cracking of the oxide. 14) This high density of pores, see Fig. 5 , allowed the air to reach the reaction surface, prolonging the period for the initial linear oxidation. Figure 6 shows the thickness of the oxide scales grown on the low carbon steel isothermally oxidized for 120 s with the air velocity of 0.14 cm/s over the temperature range 800-1 100°C.
After 120 s of oxidation, the oxide grown with the air velocity of 0.14cm/s, (Fig. 7(a) ), was in the stage II of pore formation described above, and the oxide grown with the air velocity of 4.2 cm/s, (Fig. 7(b) ), was in the stage III. This was due to a change in the oxidation rate. As the air velocity was reduced, the oxidation rate decreased, allowing the stages of pore formation to become longer. The thinner oxide with higher porosity, grown with the air velocity of 0.14 cm/s, allowed the air to reach the reaction surface, prolonging the initial linear rate of oxidation. Consequently, the limit for the initial linear oxidation behavior increased above 900°C, and for the temperatures of 1 050 and 1 100°C, the linear rate of oxidation extended for the 120 s of oxidation.
Temperature had little effect in the oxidation rate in the temperature range 1 000-1 100°C. This phenomenon was due to a longer period of initial linear oxidation, which in O 2 -N 2 gas mixtures over the temperature range 1 000-1 250°C, is more sensitive to the percent of oxygen than temperature. 9) In the finishing strip mill, due to the strip velocity of about 0.2-10 m/s, tertiary scales grow mostly in a high flow condition. However, the air velocity of 4.2 cm/s has been determined as the maximum air velocity which will yield maximum oxidation rate. 9) Therefore, results obtained in the next section were obtained using a single gas velocity of 4.2 cm/s. Figure 8 illustrates the evolution of the iron oxides with time after isothermal oxidation with the air velocity of 4.2 cm/s at 1 050°C.
Phase Composition
Oxidation is a complex process in which time plays a decisive role in the phase composition of the iron oxides. In the early stages of isothermal oxidation in air, for temperatures above 700°C, wustite was the predominant phase on the surface of the steel. As oxidation proceeded, the percentages of magnetite and hematite increased Secondary and tertiary scales grow in the roughing and finishing mill operations in less than 100 s. Therefore, it was extremely important to determine the phase composition of the iron oxide scales in less than 100 s. Figure 9 shows the mole fraction of the iron oxides grown in an isothermal oxidation with the air velocity of 4.2 cm/s. The mole fraction is expressed as a function of temperature and oxidation time. The percentage of magnetite increased for temperatures lower than 900°C and higher than 1 050°C. Hematite was not detected over the temperature range 850-1 050°C and 1 150-1 200°C. Figure 9 (b) illustrates the mole fraction of the iron oxides for 120 s of oxidation. The percentage of wustite was high over the temperature range 850-1 000°C. Outside this range, the percentage of wustite decreased, while percentages of magnetite and hematite increased. Hematite was not detected at temperatures between 900-1 000°C. Figure 9 (c) represents the mole fraction for 600 s of oxidation. The percentage of wustite was high in the temperature range 900-1 000°C. Outside the range, the percentage of wustite decreased, while the percentages of magnetite and hematite increased considerably. 
Conclusions
The most notable conclusion from these experiments is that, in the first 30 s of oxidation over the temperature range 800-1 200°C, wustite is predominant and hematite is negligible. This suggests that reducing the time of scale growth in hot rolling is necessary in order to reduce work roll wear by rolling in the presence of an oxide with a high percentage of wustite (the softest of the iron oxides) and with a low percentage of hematite (the hardest of the iron oxides). Such a reduction in time of scale growth in the finishing strip mill can be achieved by controlling the descaler location, mill speeds, reduction practices, entry thickness and mill spacing. 3) Lowering surface temperature is necessary to reduce the possibility of rolling a thick, non-homogeneous scale, which can generate surface defects. However, the reduction in scale thickness and increase in oxide scale homogeneity are only achieved for temperaturesՅ850°C.
At 850°C, the oxide is homogeneous, and for the first 120 s of oxidation, the oxide has a high percentage of wustite and a low percentage of hematite. This indicates that 850°C is the ideal temperature for the finishing strip mill. A rolling temperature of 850°C allows reduction of work roll wear by rolling with a high percentage of wustite and a low percentage of hematite, and it improves surface quality by rolling a homogeneous thin oxide scale.
The porosity rises with an increase in temperature and determines the prevalent oxidizing mechanism. At high temperatures, above 1 000°C, with the air velocity of 4.2 cm/s, a transition from a parabolic rate of oxidation to a linear rate of oxidation was observed as the porosity increased.
The method of quantitative X-ray diffraction phase analysis used in this work proved to be of great value when analyzing the volume fractions of wustite, magnetite and hematite grown in oxidation times as short as 30 s.
